Branching morphogenesis in the mammary gland is achieved by the migration of epithelial cells through a microenvironment consisting of stromal cells and extracellular matrix (ECM). Here we show that galectin-1 (Gal-1), an endogenous lectin that recognizes glycans bearing N-acetyllactosamine (LacNAc) epitopes, induces branching migration of mammary epithelia in vivo, ex vivo, and in 3D organotypic cultures. Surprisingly, Gal-1's effects on mammary patterning were independent of its glycan-binding ability and instead required localization within the nuclei of mammary epithelia. Nuclear translocation of Gal-1, in turn, was regulated by discrete cell-surface glycans restricted to the front of the mammary end buds. Specifically, α2,6-sialylation of terminal LacNAc residues in the end buds masked Gal-1 ligands, thereby liberating the protein for nuclear translocation. Within mammary epithelia, Gal-1 localized within nuclear Gemini bodies and drove epithelial invasiveness. Conversely, unsialylated LacNAc glycans, enriched in the epithelial ducts, sequestered Gal-1 in the extracellular environment, ultimately attenuating invasive potential. We also found that malignant breast cells possess higher levels of nuclear Gal-1 and α2,6-SA and lower levels of LacNAc than nonmalignant cells in culture and in vivo and that nuclear localization of Gal-1 promotes a transformed phenotype. Our findings suggest that differential glycosylation at the level of tissue microanatomy regulates the nuclear function of Gal-1 in the context of mammary gland morphogenesis and in cancer progression.
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galectin-1 | sialic acid | mammary gland | breast cancer | glycobiology T ransmission of information between neighboring cells and their tissue microenvironment is essential for organ morphogenesis and homeostasis. The process of transmission can be spatially separated into an extracellular component, which includes cell-ECM adhesion and soluble ligand binding, and an intracellular component, encompassing phosphorylation networks and transcription programs. This strict division is spanned by transmembrane proteins that relay molecular and mechanical cues through both outside-in and inside-out mechanisms. Recently, a growing number of proteins with distinct functions inside and outside cells have been recognized to subvert this conventional mode of cellular communication via alternative secretion (1) . Noncanonically secreted proteins can potentially integrate intracellular and extracellular information, in effect influencing tissue specificity and organogenesis (2) .
Galectin-1 (Gal-1), a soluble lectin, lacks a signal peptide but is secreted to the extracellular environment through unconventional transport. Outside the cell, Gal-1 interacts with glycoconjugates, modulating their surface organization and mediating cell-cell and cell-ECM contact (3) (4) (5) . Within the cell, Gal-1 is found in the cytosol and nucleus, where it has been proposed to play roles in signaling (6) and transcription (7, 8) , respectively, that are unrelated to glycan-binding activity (9) . To date, no connection has been made between the distinct functions of Gal-1 in different subcellular contexts.
We and others have shown that tissue architecture is a dominant regulator of cancer cell phenotype (10) (11) (12) . Although glycomic changes such as hypersialylation have long been shown to correlate with cancer cell metastasis (13) , how glycans and lectins mechanistically drive the invasive processes during cancer progression remains obscure. Gal-1 is up-regulated in invasive breast cancer (14) , which involves epithelial proliferation accompanied by a radical alteration in glandular architecture (10) . Normal mammary epithelia also proliferate and migrate within their surrounding stroma during the branching stage of glandular development, albeit in a more controlled manner relative to their transformed counterparts. Accordingly, we sought to determine whether Gal-1 levels are also modulated in this developmental process.
In this paper, we demonstrate that endogenous Gal-1 induces branching of mammary epithelia. By engineering the localization of Gal-1 and the glycan microenvironment in 3D, we show that Gal-1's function in the mammary gland requires nuclear localization, which in turn is regulated by the glycomic signatures of the epithelial microenvironment. Our findings indicate that Gal-1 can directly transmit glycan-encoded information of its surroundings to the nucleus, where it assists in executing a branching
Significance
Malignant cells of breast carcinoma and nonmalignant epithelia of branching mammary glands share the ability to migrate through their surroundings. To form the mammary tree-like architecture, nonmalignant epithelia must migrate in a controlled fashion, integrating cues from their microenvironment, notably, the glycan appendages on extracellular proteins and lipids. Here, we show that Galectin-1, a glycan-binding protein, is able to sense glycan signatures on mammary gland epithelia, transmit this information to epithelial nuclei by direct translocation, and drive branching migration. Nuclear galectin-1 is regulated by the relative levels of α2,6-sialic acids and N-acetyllactosamine on extracellular glycans. Similar lectin-glycan signatures were observed in malignant breast cells and suggest cancer cells use this pathway during their invasion.
program. We also confirm our results in transformed breast cells and argue that the spatiotemporal signatures of cell-surface glycans can play crucial and analogous roles in glandular ontogeny and oncogeny.
Results and Discussion
Using immunofluorescence, we assayed for Gal-1 protein in murine mammary glands at distinct stages of development. Gal-1 levels were found to be highest during the early stages of branching morphogenesis (5 wk; 35 d postpartum) (Fig. 1A and SI Appendix, Fig. S1 show low to moderate levels of Gal-1 at other developmental stages of the mammary gland). Within the glands of 5-wk old mice, Gal-1 expression was highest in epithelial cells at the terminal end bud (TEB), which represents the invading front of the mammary arbor during the branching stage of development (Fig. 1A) . Gal-1 levels were lower in the quiescent, noninvasive epithelia of mammary ducts even at this stage. Unexpectedly, we found a major difference in Gal-1's subcellular localization in the two microenvironments: high levels of Gal-1 were observed within the nuclei of end-bud epithelia, whereas, in the ductal cells, Gal-1 was largely depleted from their nuclei (Fig. 1B) .
Culturing primary mammary cells ex vivo within 3D Type-1 collagen (CL-1) scaffolds is an organotypic assay well suited to delineate the roles of proteins expressed predominantly within glandular epithelia during branching and polarization (15) . We performed shRNA-based lentiviral knockdown of Gal-1 within organoids from wild-type C57BL/6 and Balb/C mice. In addition, we compared branching in organoids from Gal-1 −/− mice with their wild-type counterparts. In both cases, knockdown and knockout, we found a significant decrease in branching ( Fig. 1 C-E). We also observed a significant decrease in branch-point number in carmine-stained mammary glands from 35 d postpartum Gal-1 −/− mice compared with wild-type controls (SI Appendix, Fig. S2 ). The branching defect was less pronounced in vivo than in ex vivo cultures, which could be explained by the fact that the loss of expression or function of a single protein, no matter how important, is often compensated by other proteins with similar biochemical function (mammals have 15 galectins) and, more importantly, by the maintenance of the architectural integrity.
We next took advantage of a different organotypic 3D culture model that relies on the mammary epithelial cell line, EpH4 (16) (17) (18) (19) , which is more amenable to genetic manipulations. This culture system was used to probe the influence of the nuclear pool of Gal-1 on epithelial migration and branching. Upon addition of epidermal growth factor, EpH4 cells embedded in CL-1 invade into the gel and form branched structures with high levels . Spatial network is defined as the sum of the branch lengths for each organoid or branching structure. For all bar graphs, error bars represent SEM. Statistical significance is given by *P < 0.05; **P < 0.01; ****P < 0.0001.
of Gal-1 in the extensions, similar to primary mammary epithelia grown ex vivo (SI Appendix, Fig. S3 ). Depletion of Gal-1 by shRNA (SI Appendix, Fig. S4 A and B) abrogated branching in 3D cultures ( Fig. 2A) . We rescued the invasive phenotype by adding recombinant human Gal-1 (GAL-1) to EpH4 cells (Fig. 2 E-G). To probe the effect of Gal-1 subcellular localization on phenotypic rescue, we overexpressed GAL-1 constructs tagged either with a nuclear localization or a nuclear export signal (NLS and NES, respectively; SI Appendix, Fig. S5 A and B) . Whereas nuclear resident NLS-GAL-1 rescued branching (Fig. 2 A-C and SI Appendix, Fig. S5C for control) , cytoplasmic NES-GAL-1 did not ( Fig. 2 A-C and SI Appendix, Fig. S5C for control) . Endogenous Gal-1 is known to translocate to the extracellular space through unconventional secretion (2, 20) . We wondered whether, once extracellular, Gal-1 could traffic back to the nucleus and exert its influence on mammary migration. To address this, we designed a GAL-1 construct bearing a secretion signal peptide (SEC-GAL-1) that should transit to the extracellular space through the classical secretory pathway and, once there, be poised to reenter the cell through Gal-1-dependent uptake. Indeed, overexpressed SEC-GAL-1 was secreted and was able to relocalize to the nucleus and rescue branching ( in NLS-mCherry-expressing EpH4 cells). In addition, recombinant Gal-1 added exogenously to mammary cells in 3D culture was detected in nuclei as well as other compartments (SI Appendix, Fig.  S5D ). Although these experiments do not suggest a mechanism of Gal-1 reentry into the cell, there are many possible routes by which Gal-1 could traverse the cell membrane. For instance, internalization of Gal-1 by endocytosis, similar to Gal-3 (21), or by flippase activity of glycolipid-Gal-1 complexes (22) are possible candidates for lectin translocation. Collectively, these data suggest that nuclear Gal-1 is necessary for migration and branching and that Gal-1 is able to translocate from the extracellular space to the nucleus.
To pinpoint the microenvironmental context in which Gal-1 localizes to the epithelial nucleus, we cultured EpH4 cells (i) in 2D, (ii) on CL-1 gels, and (iii) on laminin-rich ECM (lrECM) (Fig. 3A) . In this experiment, CL-1 and lrECM gels approximate an in vivo branching and ductal microenvironment, respectively. In both 2D and on lrECM, where cells form a lumen-containing acinar-like structure, the epithelial nuclei showed sparse Gal-1, whereas, on top of CL-1, mammary epithelia displayed high nuclear Gal-1 levels. Therefore, Gal-1 nuclear localization strongly correlates with a microenvironmental context that is associated with 
Galectin-glycan binding has previously been reported to influence cell invasion and migration (23) . We investigated whether mammary epithelial morphogenesis also requires this activity using a GAL-1 mutant, N46D, which attenuates glycan binding (24) . Overexpression of GAL-1 (N46D) in Gal-1-silenced EpH4 cells rescued the branching phenotype in 3D culture similar to wild-type GAL-1 (Fig. 3B) . Thus, nuclear Gal-1's ability to drive morphogenesis is independent of its sugar-binding activity. Interestingly, GAL-1 (N46D) showed a greater degree of nuclear localization than wild-type Gal-1 when expressed in cells cultured in 2D (Fig. 3C) .
Our observation above prompted us to consider whether Gal-1's glycan-binding activity might regulate the protein's function by altering its distribution between the nucleus and extracellular microenvironment. To test this idea, we reengineered the microenvironment of the mammary epithelia by adding glycopolymers that mimic ECM glycoproteins to the exterior of the cells (25) . We synthesized glycopolymers (GPs) functionalized with multiple Gal-1 ligands (lactose) or control glycan structures (cellobiose) that do not associate with Gal-1. When lactose-GP was added to mammary epithelial cells cultured on top of CL-1 gels, we found a marked decrease in nuclear Gal-1 after 1 d (Fig.  4A) . In contrast, untreated cells and cells treated with cellobiose-GP showed higher nuclear levels of Gal-1. When added to 3D CL-1 cultures, lactose-GP abrogated branching (Fig. 4B) . After washing lactose-GP-treated cells, nuclear Gal-1 was undetectable, suggesting that the glycopolymer redistributed Gal-1 to the extracellular space. In contrast, Gal-1 staining was unaltered in branching cultures of cells treated with cellobiose-GP. Similar results were obtained with glycopolymer treatment of EpH4 Gal-1 knockdown cells overexpressing fluorescent GAL-1 fusion protein (SI Appendix, Fig. S7 ).
Our data therefore point to a dynamic reciprocity between the glycan microenvironment and nuclear Gal-1 levels (Fig. 4C) . When N-acetyllactosamine (LacNAc) epitopes are abundant in the extracellular environment, Gal-1's distribution reequilibrates in that direction. In this model, extracellular glycans act as a molecular sink, trapping Gal-1. On the other hand, when Gal-1 is unable to bind extracellular glycan ligands, e.g., GAL-1 (N46D), the partition shifts to a higher abundance of nuclear Gal-1, promoting epithelial invasiveness.
To determine whether this mechanism operates during mammary branching morphogenesis in vivo, fixed mammary gland whole mounts from 35 d postpartum C57BL/6 mice were stained for terminal LacNAc residues using FITC-Erythrina Crystagalli lectin (ECL) (26) . Fluorescence micrographs revealed strong levels of extracellular LacNAc in ductal regions and relatively sparse levels in TEB epithelia (Fig. 4D) . Sections of 35-d postpartum mammary gland ducts stained for LacNAc showed strong colocalization with the basement membrane and low levels of extracellular Gal-1 (SI Appendix, Fig. S8 ).
The addition of α2,6-sialic acid (α2,6-SA) residues is known to block Gal-1's binding to LacNAc epitopes (27, 28) . To test the effects of sialylation on Gal-1 nuclear localization and mammary branching, we elevated sialoside levels by exogenous addition of peracetylated N-acetylmannosamine (Ac 4 ManNAc) (29) , a metabolic precursor of sialic acid, or by overexpression of UDP-N-acetylglucosamine 2-epimerase/N-acetylmannosamine kinase (GNE), the rate-limiting enzyme in sialic acid synthesis (SI Appendix, Fig. S9 A-C) (30) . Both approaches led to an increase in α2,6-SA epitopes, as measured by staining with Sambucus nigra agglutinin (SNA) (30) , as well as an increase in nuclear Gal-1 levels (SI Appendix, Fig. S9 A-C) . shRNA-mediated depletion of GNE in EpH4 cells caused a decrease in branching (SI Appendix, Fig. S9D ). To specifically test the role of α2,6-SA regiochemistry, we either knocked down or overexpressed β-galactoside α2,6-sialyltranferase 1 (ST6Gal1) in EpH4 cells (SI Appendix, Fig. S9E ). We observed lower levels of nuclear Gal-1 in ST6Gal1-knockdown cells and higher levels of nuclear Gal-1 in cells overexpressing ST6GAL1, relative to control cells (Fig. 5A) . Finally, EpH4 cells depleted in ST6Gal1 and those overexpressing ST6GAL1 showed attenuated and exacerbated branching morphogenesis relative to their control counterparts, respectively (Fig. 5B) .
Within the whole mounts, α2,6-SA epitopes were enriched at the end buds and absent in the ducts (Fig. 5D) . These results suggest that LacNAc residues on invading mammary epithelia are capped by α2,6-SA, which negatively regulates binding to Gal-1 (31) . Notably, the transcript levels for ST6Gal1, an enzyme that adds α2,6-SA to terminal LacNAc residue, have previously been found to be higher in terminal end buds compared with ductal epithelia (32) .
We conclude from the above data that mammary epithelial branching morphogenesis is driven by the dynamics of Gal-1 subcellular localization, which in turn is a sensor of the glycan signature in the epithelial microenvironment. LacNAc, the cognate glycan ligand for Gal-1, acts as a sink to retain Gal-1 in the extracellular milieu. We found high levels of unmodified LacNAc and low nuclear Gal-1 levels in the quiescent ductal epithelia of mammary glands and, reciprocally, extracellular α2,6-SA and nuclear Gal-1 were abundant in the proliferating epithelia at the invading edge of mammary end buds (Fig. 5C) . Thus, α2,6-sialylation acts as a switch to potentiate Gal-1-mediated mammary morphogenesis.
The molecular mechanism(s) by which nuclear Gal-1 promotes branching and invasion is an intriguing question. In vitro studies have shown that nuclear Gal-1 is involved in pre-mRNA splicing and coexists in a complex with Gemin-4 (7). In accordance with these findings, we observed that Gal-1 localizes to the Gemini bodies of mammary epithelia (SI Appendix, Fig. S10A ), indicating that it may be part of the Gemin-4-containing transcription-regulating complexes (33) . shRNA knockdown of Gemin-4 in mammary epithelia (SI Appendix, Fig. S10B ) also abrogated branching. The cells remained alive and formed noninvasive Fig. S8 shows colocalization of LacNAc residues and laminin on the surface of ductal epithelia). (Scale bar, 150 μm.) For all bar graphs, error bars represent S.E.M. Statistical significance is given by *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. spherical clusters, phenocopying Gal-1 depletion (SI Appendix, Fig. S10C ). These data suggest that the interaction of Gemin-4 and Gal-1 within the nucleus plays a functional role in mammary epithelial morphogenesis. As well, we found that overexpression of nuclear Gal-1 leads to up-regulation in gene expression of Erk1/2 (SI Appendix, Fig. S11 ), a key signaling node in mammary gland branching (34) and possible target of transcriptional regulation.
Finally, we speculated that our findings were relevant to the acquisition of epithelial invasiveness in breast cancer. We found higher levels of nuclear Gal-1 in malignant epithelia from human invasive ductal carcinoma sections relative to nonmalignant tissues ( Fig. 6 A and B) . To examine if our glycan-dependent model may explain this overlooked feature of Gal-1 in breast cancer, we proceeded to stain the tissue for cognate glycan epitopes of Gal-1. We observed low levels of LacNAc and high levels of α2,6-SA in the malignant epithelia, relative to nonmalignant tissue sections (Fig. 6C) . Other sialylated structures, such as truncated O-glycans like sialyl T N or α2,3-SA on core 1, have previously been linked to breast cancer (35) (36) (37) (38) . Some of these glycans may also contribute to blocking Gal-1 binding within the malignant glycocalyx by preventing extension of O-glycans to terminal LacNAc repeats. The invasive lectin-glycan signatures were also observed by fluorescence in 3D cultures of malignant breast cells (T4-2) in comparison with their isogenic nonmalignant (S1) counterparts (Fig. 6D) . Moreover, overexpression of NLS-Gal-1 in S1 cells impaired their growth-arrested basoapical polarity (Fig. 6E) , whereas GAL-1 depletion in malignant T4-2 cells (Fig. 6F) arrested their growth and partially restored their polarity (Fig. 6G) . As previously documented, invasive breast cancer cells show high levels of both Gal-1 (14, 39) and α2,6-SA (40), the modification that masks the ligand of Gal-1 and is associated with mammary epithelial invasiveness (41) . Our results seem to reconcile all these observations by linking the nuclear localization of Gal-1 and its ability to induce migration to extracellular α2,6-SA. As well, our finding that Gal-1 translocates to the nucleus of malignant breast cancer cells due to hyper-α2,6-sialylation may be relevant for development of Gal-1 specific inhibitors in breast cancer treatment (42). . Staining for Gal-1 (depicted in red) and DNA (depicted in blue) (Left). Staining for terminal LacNAc residues (depicted in green) and DNA (depicted in blue) (Middle). Staining for α2,6-SA (depicted in white) and DNA (depicted in blue) (Right). (Scale bar, 20 μm.) (E) Fluorescence micrographs of 3D cultures of S1 cells, wild-type (Left) and overexpressing NLS-GAL-1 (Right). S1 cells overexpressing NLS-GAL-1 show loss of growth-arrested phenotype seen in wild-type S1 cells and aberrant basoapical polarity of basal (α6 integrin; depicted in red) and apical (zonula occludens, ZO-1; depicted in white) markers. 
